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Foreword
Origins and spirit of the meeting
From its initial description, the process of coherent elastic neutrino-nucleus scattering (CEνNS) has been
of interest to the nuclear, particle, and astrophysics communities, appealing to those working either on
theory or experiment. Seizing on some of the momentum generated by the first observation of CEνNS
by COHERENT in 2017, the Magnificent CEνNS workshop was held on November 2 & 3, 2018 on the
campus of the University of Chicago, organized by G.C. Rich, L. Strigari, and J.I. Collar with financial
and administrative support generously contributed by the Enrico Fermi Institute (EFI) and the Kavli
Institute for Cosmological Physics (KICP), both at the University of Chicago. Recognition of the
interest for such a meeting grew out of conversations at various conferences and workshops in 2018, including:
Neutrino 2018 in Heidelberg, Germany; NDM 2018 in Daejeon, South Korea; and ICHEP 2018 in Seoul,
South Korea. We are grateful to the organizers of the aforementioned meetings for having assembled excellent
communities to foster productive discussions, and we would like to especially acknowledge discussions with,
and encouragement from, Raimund Strauss.
The goal of this workshop was to develop and strengthen connections between experimentalists
and theorists/phenomenologists working in this nascent and exciting field. By forming strong lines of
communications between the many groups working on or around the process, it was hoped that efforts
ranging from short- to long-term time scales could be positively impacted, maximizing the realizable scientific
output of the community: experimentalists could share with each other lessons learned, helping advance the
ongoing experimental efforts; the experimental community could share with theorists/phenomenologists the
needed information to most meaningfully incorporate the experimental projects in theoretical calculations;
and the theory/pheno community could provide input for next-generation experiments, making sure they
target the most exciting physics questions. Complementing the direct scientific impacts, by encouraging
constructive discourse and interaction, we hope to foster an overall positive and inclusive atmosphere in the
CEνNS community.
This collection of brief summaries1, and the accompanying presentations, are meant to serve as a snapshot
of the CEνNS field as of late 2018. It is hoped that the Zenodo community for the workshop2, collecting
this document and the presentations, provides a convenient resource for those interested in the process and
seeking either high-level or low-level details on the progress of the myriad efforts.
Citing these proceedings
In general, the most appropriate way to cite the scientific content of any specific contribution in these
proceedings is to reference the Zenodo posting of the contribution in question and to use its
particular DOI. If making reference to specific scientific content of any contribution, this collection of
summaries can be cited in addition to contribution-specific Zenodo post but this decision is left to the
discretion of researchers making the reference.
In addition to potentially supplementing a reference to specific contributions, there may be instances
where reference to this document by itself are appropriate. In any case, after replacing xxxxx with the
1Credit for the title-page image goes to Connor Awe of Duke University.
2The organizers of Neutrino 2018 set an excellent example for how “proceedings” of conferences or workshops
could be defined moving forward, making use of the tremendous resource that is Zenodo; see their community at
https://zenodo.org/communities/neutrino2018.
iii
appropriate arXiv identifier, we recommend citing this document as
D. Aristizabal Sierra et al. (2019). Proceedings of The Magnificent CEνNS Workshop 2018.
Zenodo. DOI: 10.5281/zenodo.3489190. arXiv: 1910.xxxxx [hep-ex].
Magnificent CEνNS 2019 (and beyond)
With the success of this meeting, a second workshop on the same subject will be held November 9 – 11,
2019 in Chapel Hill, NC. More information can be found at the website magnificentcevns.org/2019.
The goal is to make this workshop a regular venue for community building and collaboration between
researchers involved, either directly or indirectly, with this exciting and rapidly developing field.
Looking forward, we hope this meeting is able to continue to help direct global CEνNS efforts towards
the richest scientific program possible and to play a role in facilitating the extraction of exciting new insights
from the vibrant palette of experimental results that are expected soon. Meetings such as this, and strong
communities such as that working on CEνNS, present opportunities to enhance synergistic activities and
align disparate efforts from networks of researchers around the world. We hope the spirit of collaboration
continues to thrive within the CEνNS community and involved researchers work to establish best practices
/ principals to further enhance communication and the sharing of both theoretical and experimental results,
along with effective analysis practices honed by the diverse experiences of the community.
CEνNS was unobserved for more than 40 years after its description, and efforts to observe the process
were originally characterized as “act[s] of hubris” [1]. These experiments remain extremely challenging, and
even the act of sharing experimental results must be given thoughtful effort for maximal efficacy [2], but the
potential in this field to reach for new physics, or to approach questions from different angles and will different
probes, is thrilling. We are optimistic and excited about the science that we expect to be produced by the
CEνNS community and similarly optimistic that the community dynamic will continue to be welcoming and
collaborative, hopefully in even more concrete ways.
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Discrepancies in the published expressions for the CEνNS cross
section
Alexey Konovalov
Institute for Theoretical and Experimental Physics named by A.I. Alikhanov of National Research Centre “Kurchatov
Institute”, Moscow, 117218, Russian Federation
National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), Moscow, 115409, Russian
Federation
Presentation and citeable DOI: 10.5281/zenodo.3462599
Following the first observations the investigation of CEνNS is to enter the era of precision measurements.
A wide spectrum of scientific goals including detailed study of the nuclear neutron form-factor, non-
standard interactions of neutrino with quarks and the electroweak mixing angle value at the energy scale of
tens of MeV requires percent and sub-percent precision from both experimental results and the Standard
model prediction. The published SM CEνNS cross section predictions including the recent ones lack the
comprehensive expression taking into account effects of the weak axial current and the spin of a nucleus.
It is of particular interest if the transitions with a change of the nuclear spin projection should contribute
to a coherent or an inelastic channel. A comprehensive expression for the SM CEνNS cross section and
corresponding calculation apparatus are highly desirable in order to encourage the experimental effort and
improve understanding of various apects of CEνNS.
1
Revisiting the axial contribution to CEνNS
Jayden Newstead
Department of Physics, Arizona State University, Tempe, AZ 85287, USA
Presentation and citeable DOI: 10.5281/zenodo.3462607
A precise calculation of the Standard Model CEνNS rate is required before any discovery of ‘new physics’ can
be claimed. With the increasing number of experimental groups entering the CEνNS community, bringing
diverse detector targets and neutrino sources, it is desirable to have a consistent formalism for predicting
experimental rates. As pointed out in A. Konovalov’s talk, there are discrepancies among CEνNS cross
sections in the literature. Additionally, there are few examples in the literature which account for the axial
currents. The appropriate formalism for these calculations in semi-leptonic electroweak theory was originally
developed in [3] and [4]. In this formalism the hadronic currents are spherically decomposed and expanded in
multipoles to obtain irreducible tensor operators which act on single nucleon states, which can be expressed
in a harmonic oscillator basis [5]. Given the low momentum transfer of the CEνNS process, the one-body
calculation provides a reasonable starting point (and can be efficiently calculated using available tools). As
an example I have calculated the rate expected by the COHERENT collaboration, finding that the axial
contribution is negligible. Previous calculations overestimate the axial contribution for two reasons, first
they do not properly handle the projection of the neutrino’s spin onto the nuclear spin, and second, the spin
held by the nucleons is overestimated.
2
Neutrino Scattering to Understand “gA Quenching”
Jon Engel
Department of Physics and Astronomy, University of North Carolina at Chapel Hill, Chapel Hill, NC 27599, USA
Presentation and citeable DOI: 10.5281/zenodo.3462666
Calculations within nuclear models overestimate the matrix elements that occur in beta decay, two-neutrino
double-beta decay, and related processes. The overestimate is often remedied by using an artificially reduced
(“quenched”) value for the axial-vector coupling constant gA, which multiplies the matrix elements. The
physics responsible for the quenching is not fully understood, but must be a combination of correlations that
escape models and many-body weak currents. The momentum dependence of the quenching, which we need
to know to accurately calculate the matrix elements that govern neutrinoless double-beta decay, will depend
on the relative size of these two contributions.
Neutrinos from stopped pions can transfer significant amounts of momentum. Measuring the cross
sections for inelastic neutrino-nucleus scattering thus has the potential to tell us about the momentum
dependence of gA quenching. In charge-current scattering, one can obtain detailed information on inelastic
events by measuring the energies of outgoing electrons. If the energies of any photons can be measured as
well, then one can reconstruct cross sections to specific excited states and compare them with the predictions
of models and/or ab-initio calculations. The data would be of immense help to theorists struggling to reduce
the currently large uncertainty in double-beta matrix elements.
3
Coherency and incoherency in neutrino-nucleus elastic and inelastic
scattering
Dmitry V. Naumov
Joint Institute for Nuclear Research, Dubna, Russian Federation
Co-author(s): Vadim A. Bednyakov
Presentation and citeable DOI: 10.5281/zenodo.3464596
Neutrino-nucleus scattering νA → νA, in which the nucleus conserves its integrity, is considered. Our
consideration follows a microscopic description of the nucleus as a bound state of its constituent nucleons
described by a multi-particle wave-function of a general form.
We show that elastic interactions keeping the nucleus in the same quantum state lead to a quadratic
enhancement of the corresponding cross-section in terms of the number of nucleons. Meanwhile, the cross-
section of inelastic processes in which the quantum state of the nucleus is changed, essentially has a linear
dependence on the number of nucleons. These two classes of processes are referred to as coherent and
incoherent, respectively.
Accounting for all possible initial and final internal states of the nucleus leads to a general conclusion
independent of the nuclear model. The coherent and incoherent cross-sections are driven by factors |Fp/n|2
and (1 − |Fp/n|2), where |Fp/n|2 is a proton/neutron form-factor of the nucleus, averaged over its initial
states. Therefore, our assessment suggests a smooth transition between regimes of coherent and incoherent
neutrino-nucleus scattering. In general, both regimes contribute to experimental observables.
The coherent cross-section formula used in the literature is revised and corrections depending on
kinematics are estimated. Consideration of only those matrix elements which correspond to the same initial
and final spin states of the nucleus and accounting for a non-zero momentum of the target nucleon are two
main sources of the corrections.
As an illustration of the importance of the incoherent channel we considered three experimental setups
with different nuclei. As an example, for 133Cs and neutrino energies of 30− 50 MeV the incoherent cross-
section is about 10-20% of the coherent contribution if experimental detection threshold is accounted for.
Experiments attempting to measure coherent neutrino scattering by solely detecting the recoiling nucleus,
as is typical, might be including an incoherent background that is indistinguishable from the signal if the
excitation gamma eludes its detection. However, as is shown here, the incoherent component can be measured
directly by searching for photons released by the excited nuclei inherent to the incoherent channel. For a
beam experiment these gammas should be correlated in time with the beam, and their higher energies
make the corresponding signal easily detectable at a rate governed by the ratio of incoherent to coherent
cross-sections. The detection of signals due to the nuclear recoil and excitation γs provides a more sensitive
instrument in studies of nuclear structure and possible signs of new physics.
4
Constraining NSI with Multiple Targets
Gleb Sinev
Duke University, Durham, NC 27708, USA
Presentation and citeable DOI: 10.5281/zenodo.3464645
Non-standard interactions (NSI) mediated by heavy particles can suppress or enhance the rate of coherent
elastic neutrino-nucleus scattering (CEνNS) by introducing additional couplings between neutrinos and
quarks [6]. The values of these couplings can be constrained by CEνNS measurements; however, using
a single target nucleus for this purpose results in ambiguities, because different combinations of coupling
values can produce the same detected rate of nuclear recoils. Therefore, CEνNS detection on multiple
targets is required to make an unambiguous measurement of the NSI couplings, with a combination of light
and heavy nuclei providing the best result. This contribution shows, as an example, NSI coupling values
producing Standard Model CEνNS rates in six targets: CsI, Ar, NaI, Ge, Ne, and Xe (see figure 1). The
COHERENT experiment has been taking CEνNS data with CsI and Ar detectors and has plans to install
NaI and Ge detectors in the near future [7], a combined analysis of which can result in a significant decrease
of the allowed parameter space for the NSI couplings.
Figure 1: Values of two NSI couplings (with the rest of the couplings set to 0) that do not change the
Standard Model CEνNS rate for each of the considered target materials.
5
Constraints on neutrino generalized interactions from COHERENT
data
Diego Aristizabal Sierra
Universidad Te´cnica Federico Santa Mar´ıa-Departamento de F´ısica Casilla 110-V, Avda. Espan˜a 1680, Valpara´ıso,
Chile
IFPA, De´partment AGO, Universite´ de Lie`ge, Baˆt B5, Sart Tilman B-4000 Lie`ge 1, Belgium
Co-author(s): V. De Romeri, N. Rojas
Presentation and citeable DOI: 10.5281/zenodo.3463490
Neutrino Generalized Interactions (NGI) are dimension-six effective neutrino-quark interactions which cover
all possible Lorentz invariant structures. From the effective point of view NGI determine the most general
way of accessing new interactions effects in CEνNS experiments. They include the well-studied neutrino
non-standard interactions (NSI), but span a larger set which includes — among others — scalar and tensor
four-point couplings. NGI are constrained by data from laboratory experiments which include neutrino deep
inelastic scattering (CHARM and NuTeV) and monojets searches at the LHC. Constraints from the former
are readily evaded if the NGI are generated by mediators with masses below 1 GeV or so, while limits from
the latter are relevant if the mediator can be integrated out at LHC energies, O(E) ∼ TeV. Thus if one
relies only on these laboratories probes the mediator mass range [1, 103] MeV is barely unconstrained. From
that perspective, COHERENT data plays a crucial role. Bounds on NGI derived from the observation of
the CEνNS process place sensitive bounds on the otherwise poorly constrained parameter space. The limits,
although substantial, still enable for rather large NGI parameters, this mainly due to the relatively large
experimental uncertainties. Future COHERENT measurements (or any other CEνNS measurement, with
uncertainties below those currently involved) can either observe effects of these new interactions or improve
on NGI limits. Near-future experimental setups such as COHERENT phase-II and phase-III, CONUS and
multi-tonne scale dark matter detectors (e.g. DARWIN or DarkSide-20k) will be able to test whether traces
of NGI are present in CEνNS.
[Editor’s note: the work summarized here and reflected in the associated presentation is published as
Ref. [8].]
6
NSI @ CEνNS etc
Danny Marfatia
Department of Physics and Astronomy, University of Hawaii at Manoa, Honolulu, HI 96822, USA
Presentation and citeable DOI: 10.5281/zenodo.3464543
Coherent elastic neutrino-nucleus scattering consistent with the standard model has been observed by the
COHERENT experiment. For nonstandard neutrino interactions (NSI) generated by a vector mediator
lighter than 50 MeV, only couplings of the mediator are constrained by the detected spectrum, and large
NSI are still viable. For a heavier mediator, in spite of degeneracies between the NSI parameters, current
COHERENT data place meaningful constraints on the effective NSI parameters in Earth matter.
7
Model building and connections to charged current experiments
Bhaskar Dutta
Mitchell Institute for Fundamental Physics and Astronomy, Department of Physics and Astronomy, Texas A&M
University, College Station, TX 77845, USA
Presentation and citeable DOI: 10.5281/zenodo.3464465
The recent detection of CEνNS events by the COHERENT experiment using 14.6-kg CsI[Na] scintillator
detectors at 6.7-σ level has opened up a new window into the neutrino interactions in the low energy regime,
and along with it provides a new probe into beyond the SM physics. Since CEνNS is well predicted in the
SM and therefore a measured deviation from it can provide a test of new physics.In this section we highlight
and discuss three well-motivated scenarios for new physics which have particles in the MeV-GeV range: (i)
kinetic mixing, (ii) hidden sectors, and (iii) scenarios with a Lµ-Lτ symmetry. We highlight the role of
CEνNS and low energy neutrino experiments in probing these models. In addition, CEνNS experiments can
also probe the parameter space of a fourth neutrino with mass Delta m2 ∼ 1eV2, which has been hinted
at by several neutrino experiments but whose existence is still inconclusive. The inclusion of both timing
and energy data provide the best constraint for all these models compared to most of the experimental
constraints. In addition CEνNS experiments can probe light dark matter models with a choice of optimized
cuts (Erec > 14 keV and t < 1.5 µs) which would remove the SM background. The ongoing COHERENT
constraint on the dark matter parameter space also is better than most of the existing constraints on light
dark matter models.
8
Astrophysical Applications of Coherent Neutrino Scattering
Louis Strigari
Mitchell Institute for Fundamental Physics and Astronomy, Department of Physics and Astronomy, Texas A&M
University, College Station, TX 77845, USA
Presentation and citeable DOI: 10.5281/zenodo.3462375
With the recent discovery of coherent elastic neutrino-nucleus scattering, we are now in the exciting position
of looking forward to understand the physics that can be extracted from the CEνNS signal. The CEνNS
process is unique, because it is intertwined with three major areas of physics: nuclear, high-energy, and
astrophysics. From a nuclear physics perspective, CEνNS will shed light on the neutron form factor and
the weak charge distribution in the nucleus. From a high-energy physics perspective, because it is able to
probe non-standard neutrino interactions (NSI) separately for up and down quarks, CEνNS will probe NSI
in a regime that is not accessible to standard neutrino oscillation experiments. In astrophysics, CEνNS will
provide a new window into the interior of supernovae, the Sun, and the atmosphere. In addition to these
theoretical applications, it will be possible to search for sterile neutrinos, and shed light on the reactor and
gallium anomalies, which both remain unexplained.
There are now several experimental probes of CEνNS that aim to measure this cross section across a
wide range of energy scales. These include terrestrial experiments that utilize nuclear reactor and stopped
pion sources, as well as astroparticle experiments that search for dark matter. A CEνNS detection through
each of these methods will ultimately be important to understand the energy dependance of the signal, as
well as how the signal depends on the target used for detection. Thus there is a natural three-pronged,
complementary experimental approach that may be utilized in order to extract maximal information from
the signal.
In the particular field of Solar neutrinos, with a CEνNS detection dark matter experiments will be able
to probe the properties of neutrinos and the Sun that has not been possible with current experiments.
For example, future liquid noble gas and cryogenic dark matter experiments will be able to make the first
neutral current measurement of the 8B components of the solar neutrino flux. This will provide the first
detected neutral current energy spectrum of 8B neutrinos, and be able to shed light on the long-standing
Solar metallicity issue. This detection will also help in a search for sterile neutrinos. With low threshold dark
matter detectors, lower energy components of the Solar neutrino flux may also be studied. These can be the
first pure neutral current measurements of the low-energy 7Be and pep solar neutrino fluxes. Low-threshold
ton-scale detectors may also be able to establish the first measurement of neutrinos from the CNO cycle.
This is a long sought-after component of the solar neutrino spectrum that generates ∼ 1% of solar energy.
9
Coherent scattering of “light objects” on nuclei
Maxim Pospelov
Perimeter Institute for Theoretical Physics, Waterloo, ON, N2J 2W9, Canada
Department of Physics and Astronomy, University of Victoria, Victoria, BC, V8P 1A1, Canada
Presentation and citeable DOI: 10.5281/zenodo.3464632
This talk is based on two recent papers, Refs. [9, 10]1, and the unifying theme for both is the “coherent
scattering of light obejcts” on nuclei. In a broad sense, it fits the theme of this meeting, dedicated to the
neutrino coherent scattering.
The first paper [9] considers the case of interacting “dark radiation” (DR). Usually dark radiation is
mentioned in the framwork of modified cosmology, when it contributes to the energy density of the Universe,
and modifies the Hubble expansion rate. In our approach, we have considered a hypothetical case of dark
radiation which constitutes a subdominant fraction of Universe’s energy balance, and is not numerous, but
rather energetic compared to the CMB:
ωDRnDR < ρtot; ωDR  ωCMB ; nDR  nCMB . (1)
A concrete realization of such situation occur when massive DM particles decay to dark radiation. The
central question studied in our paper is about prospects of searching for such dark radiation component,
using its coherent scattering on nuclei. It is easy to see that for the DM mass in tens of MeV, and the lifetime
against decaying to DR somewhat longer than the age of the Universe, the resulting flux of DR particles
can be significant and indeed comparable to the 8B neutrino flux, O(106cm−2s−1). If there is an interaction
between DR and nuclei, and DR and electrons, then there is a chance of detecting DR prior to detecting dark
matter (DM) particles. Our paper considers two types of interaction, via a new light particle called dark
photon, and via an analogous vector boson that couples only to baryons. Conclusions: coherent scattering
of DR on nuclei, specifically in the underground “direct detection” experiments, provide a very competitive
sensitivity reach to DR, and limit its interaction strength with nuclei to be comparable or smaller than the
weak interaction strength, GF . Figure 2 summarizes the constraints on the parameter space of the model in
case of the baryonic force mediator.
Second work presented in this talk [10]2, is a recent study of light and relatively strongly interacting dark
matter. In this case, the signal from dark matter elastic scattering falls below the experimental threshold
for detection. Our paper derives novel limits, employing a two-step process. First, the cosmic rays collide
with dark matter particles, and accelerate them to significant velocities/momenta. These “cosmic ray dark
matter” (CRDM) states then scatter inside the detectors creating observable signals, as they are safely above
the background. When the stopping inside the Earth is not an issue, the signal scales as ∝ σ2χ. For sizeable
σχ and small DM masses mχ, we derive novel limits, that reach down to cross sections 10
−31cm2 and apply
to all masses, including a very small mχ. Again, elastic scattering of CRDM on nuclei is the main mechanism
driving these limits, that for the case of the spin-independent scattering are shown in Figure 3.
1Editor’s note: the citation for [10] was updated, subsequent to the submission of these proceedings, to represent the published
work; the original citation referred to the (first) arXiv submission alone.
2Editor’s note: see previous.
10
100010010
105
104
103
102
101
1
10−1
10−2
10−3
LUX
XENON1T
mX (MeV)
τ X
/t
0
.
DR = χ
Borexino
GB = 10GF
mχ = 10MeV
Figure 2: Constraint on the parameter space of decaying dark matter particles X. Its products of decay,
dark radiation particles χ, scatter on nuceli via a baryonic force of strength GB producing a recoil.
10-4 10-3 10-2 10-1 100 10110-33
10-32
10-31
10-30
10-29
10-28
10-27
10-26
10-25
10-24
mχ [GeV]
σ SI[c
m
2
]
Xenon 1t (this work)
MiniBooNE (this work)
CMB
gas cloud
cooling
Xe
1t (prev
.)
C
R
ES
ST
IIC
R
ES
ST
20
17 XQC
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In recent years, there has been incredible interest in the search for sub-GeV candidates of particle dark
matter (see e.g. [11] for summary). One of the proposed avenues is new techniques for the direct detection of
dark matter. Traditional direct detection experiments which have been in operation for the last few decades
are optimized for the detection of weakly-interacting massive particles (WIMPs) that scatter off of the nuclei
in the various target materials. These dark matter candidates are typically O(100 GeV) in mass and result
in energy transfers of O(10 keV), which is well within the realm of detectability. However, once the DM
mass drops below a few GeV, the energy transfer drops to below ∼ eV and these nuclear recoil experiments
completely lose sensitivity. Instead, for these sub-GeV candidates, one can consider DM-electron scattering,
which results in energy transfers of O(10 eV). The energy transfer manifests itself as ionized electrons or
photons, depending on the experimental setup. Thus, successful experimental setups need to have energy
thresholds to detect electrons and photons with energies of around an eV.
Coherent neutrino-nucleus scattering(CEνNS) is an inevitable background to any dark matter direct
detection experiment as it closely mimic the signature of dark matter. For DM-nuclear scattering
experiments, the signature of the neutrino-scattering vs. DM-scattering is the same: a recoiling nucleus.
However, CEνNS also manifests itself in DM-electron scattering experiments. The nuclear recoil that results
from CEνNS will produce secondary electrons, a process whose efficiency can be calculated through various
models such as the Lindhard model [12]. For sub-GeV DM experiments, the dominant source of neutrinos
are solar neutrinos and the impact of solar neutrinos on sub-GeV DM searches was investigated in [13]. The
exposures for detecting at least one neutrino event range from 0.05 to 9.7 kg-years for silicon, germanium,
and xenon, with xenon at the low-end of the range and germanium and silicon at the high-end. The exact
value also depends on the ionization efficiency. For example, the exposures in silicon can range from 0.2-9.7
kg-years, 0.3-2 kg-years for germanium, and 0.05-0.16 kg-years for xenon. Thus, the sensitivity to a sub-GeV
DM search will be limited by neutrinos once the exposures are larger than those listed above. However, there
is no absolute neutrino “floor” beyond which there is no improvement possible.
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In this talk, I have presented how new physics models could contribute to the coherent elastic neutrino-
nucleus scattering cross section. New physics could enhance the irreducible solar neutrino background, a.k.a.
the neutrino floor, in dark matter experiments. By examining the experimentally allowed parameter space
in three realistic models, we have estimated the maximum enhancement the neutrino floor could receive.
The non-standard neutrino floor could easily be a factor of two larger than the standard model case, or even
greater depending on the robustness of certain astrophysical constraints.
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As searches for WIMP Dark Matter require low (∼keV) energy thresholds, direct Dark Matter detection
experiments can also be sensitive to CEνNS. Liquid xenon time projection chambers are a particularly
successful and promising technology to fully probe the accessible WIMP Dark Matter parameter space.
These experiments search for nuclear recoils from simple elastic scatters. Since the relevant kinematics
is degenerate in momentum transferred, these detectors can in principle not distinguish the nuclear recoil
spectrum induced by non-relativistic (10−3c) heavy (>GeV/c2) WIMPs from the spectrum of corresponding
light, relativistic neutrinos through CEνNS [14]. Thus, CEνNS from astrophysical neutrino sources is now
often shown in the usual WIMP explusion plots. In particular the CEνNS signal from atmospheric neutrinos
has become known as the neutrino floor of direct detection, although the name is rather misleading for a
variety of reasons. The currently-running XENON1T experiment [15] is already sensitive to any Galactic
supernova through this channel [16]. 2019 will see the commissioning of XENONnT and LZ, which can
be expected to measure solar boron-8 neutrinos through CEνNS in a few years [17]. Given a low-enough
threshold in the usual scintillation-plus-ionization channel, or else a low-enough background in the ionization-
only channel as pursued by the LBECA collaboration, these experiments might improve our knowledge of the
solar metallicity through this channel [18]. However, truly probing the neutrino floor requires a measurement
of CEνNS from atmospheric neutrinos. To properly achieve this such a measurement requires an exposure
of order 1 kilotonne×year in xenon, only achievable by a generation-3 Dark Matter experiment [19]. In all
cases, measuring CEνNS in those experiment has unique sensitivity to a variety of new interactions [20].
Taken together, such liquid xenon experiments will feature a rich science case with signals from various Dark
Matter candidates as well as from a variety of astrophysical neutrino sources.
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Direct dark matter search detectors provide a source to examine the non-standard aspect of neutrino
interactions via solar and atmospheric neutrinos. The low threshold of such detectors will probe the some
NSI parameter space at 2σ significance through solar neutrino with a tonne-year scale exposure. It will also
allow the observation of the influence of NSI parameters on neutrino oscillation. Through the oscillation
at different zenith angles of atmospheric neutrino, the future observation of atmospheric neutrino at direct
dark matter search detector can help to resolve the degeneracies between CP phase and NSI parameters,
which is otherwise impossible to solve at fixed length neutrino oscillation experiment.
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It has recently been shown that including the effects of photon bremsstrahlung in the dark matter-nucleus
scattering process [21], or examining ionization and electronic excitation of a target atom due to the Migdal
effect (where the electron cloud’s motion is not modeled as instantaneously following the recoiling nucleus
[22–26]12), can extend the reach of direct detection experiments to lower dark matter masses. It is also
well known that, as experiments searching for dark matter through direct detection continue to achieve
lower thresholds and larger exposures, they can become sensitive to a solar and atmospheric neutrino
background interacting with the detector’s target nuclei via the CEνNS process. It is therefore of interest
to determine whether bremsstrahlung or the Migdal effect accompanying the CEνNS process can provide
additional experimental signals. In Fig. 4 we show the effects for the bremsstrahlung process and the Migdal
effect in both liquid argon and liquid xenon targets for astrophysical neutrinos (this includes both solar and
atmospheric neutrinos), as well as for reactor neutrinos and neutrinos from the stopped pion source at the
SNS. We see that the bremsstrahlung process is sub-dominant to both the Migdal effect and the standard
nuclear recoil except at energies above O (10 keVee) for reactor and stopped-pion sourced neutrinos, though
the rate at those energies is suppressed by many orders of magnitude compared to the peak for nuclear recoils.
For astrophysical neutrinos, the Migdal effect has competitive rates with the standard nuclear recoil rate
at the point where the CEνNS process from atmospheric neutrinos becomes dominant as the 8B neutrino
flux rapidly diminishes. This could pose an interesting opportunity for future multi-ton direct detection
experiments.
1Editor’s note: following submission of these proceedings, the reference to [26] was updated to represent the published version
of the article; the original citation referred only to the arXiv version, which was last revised prior to the Magnificent CEνNS
workshop and, based on revision notes, should match the published work.
2Editor’s note: similarly, Ref. [24] has been updated to reflect the published work; the reference should be to the initial arXiv
version. In this case, it is not clear if there are substantive changes between the initial preprint and the published work.
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Figure 4: Rates for nuclear recoils (NR), the Migdal effect (where N denotes the contribution from electrons
in the N th energy level), and bremsstrahlung for liquid argon (left) and liquid xenon (right) detectors. The
processes addressed are: astrophysical neutrinos (top) with ν−e scattering also shown, stopped pion sourced
neutrinos such as those at the SNS (middle), and reactor neutrinos (bottom) normalized to that of a detector
a distance of 1 m from a 1 MW reactor.
The Magnificent CEνNS (2018) 17
A Precision Neutrino Laboratory at the Spallation Neutron Source
Jason Newby
Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA
Presentation and citeable DOI: 10.5281/zenodo.3464604
The first observation of coherent elastic neutrino nucleus scattering (CEνNS) by the COHERENT
collaboration at the Spallation Neutron Source demonstrated the capability of the facility in experimental
neutrino physics. COHERENT is now measuring the target scaling of the interaction with multiple small-
scale, first-light detectors. These measurements are already setting new limits on nonstandard lepton-quark
interactions. The potential of the neutrino source is fully realized with a suite of high precision neutrino
measurements with ton-scale instruments. The neutrino flux is known within 10% and will present a floor in
the uncertainty for detectors now being considered for a precision program. The collaboration plans to deploy
a heavy water detector to directly measure the neutrino flux at the SNS using the well-known νe-deuteron
charged current cross-section. This interaction, known to a few percent, is detected via Cherenkov light from
the produced electron. A sufficient number of interactions will be recorded to achieve this statistical precision
within two year in a ton-scale detector with an optimized design to suppress backgrounds. This precision
measurement will ensure that the greatest impact is achieved from the planned suite of more massive CEνNS
targets including argon, germanium, and sodium.
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COHERENT is deploying a NaI[Tl] detector to the SNS for measuring CEνNS recoils off 23Na nuclei. The
measurement of the CEνNS cross section on a light nuclei will help verify its N2 scaling with neutron
number and provide further tests of the standard model. A 185-kg prototype detector has been deployed to
the SNS and acquiring data since 2016. This prototype is providing an in situ measurement of low-energy
backgrounds as well as for studying the electron neutrino charged-current interaction on 127I. The current
design parameters (subject to change) of the detector are listed below:
• Mass: between 2079 kg and 3388 kg. Detector designed to be modular, with final mass determined by
digitization costs and space constraints. Additional mass available for future deployment.
• Shielding: 7” of water on all sides surrounding detector, followed by 2” of lead outside the water.
• Distance from target to center of array: ∼21 m.
• Threshold: 3 keVee.
• Steady-state backgrounds: 200-500 counts/keV/kg/day in the energy ROI, before background
reduction from beam timing.
• Energy resolution: FWHM/E =
√
αE2 + βE + γ, with α = 0.00153, β = 1.86, γ = 1.93 × 10−7, and
E in keVee.
• Quenching factor assumption: flat, 19.65% ± 3.76% in the ROI.
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Coherent elastic neutrino nucleus scattering (CEνNS) has been predicted since 1973 and was first observed
in 2017 with neutrinos from pion decay at rest. CONUS aims at detecting CEνNS with low energy reactor
anti-neutrinos. It uses novel Germanium detector technology and a virtual depth shield for operation at
shallow depth only 17 meters away from the core of a multi GW power reactor. The talk will describe the
experiment, the latest results and the potential of future detectors of this kind.
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The Mitchell Institute Neutrino Experiment at Reactor (MINER) is a reactor based experiment at Texas
A&M university that combines well-demonstrated low-threshold cryogenic detectors developed for the
SuperCDMS dark matter search with a unique megawatt research reactor that has a movable core providing
meter-scale proximity to the core. The low-threshold detectors (≈ 100 eV recoil energy) will allow detection
of coherent scattering of low energy neutrinos that is yet to be detected in any reactor experiment. These
high resolution detectors, combined with a movable core, provide the ideal setup to search for short-baseline
sterile neutrino oscillation by removing the most common systematic in current experiments, the reactor
flux uncertainty. Very short baseline oscillation will be explored as a ratio of rates at various distances,
with expected SM rates and known scaling of background. Hence MINER will be largely insensitive to
absolute reactor flux. Additionally, low variation in a MW research reactor power combined with meter-
scale proximity to the core provides much better systematics compared to a GW power reactor, where the
typical detector to core distance is of the order of 30 meters or higher resulting in similar neutrino flux
incident on a detector. Utilizing multiple targets (Ge/Si) allows for detailed understanding of the signal and
backgrounds in the experiment. Precise understanding of the background is important for searches of Non
Standard Interactions (NSI) through a small additional signal.
Phase-1 of the MINER experiment is already operational as a demonstration experiment with a 2-kg (4-kg
maximum capacity) payload at a distance of approximately 4.5 m from the reactor core, that would provide a
signal rate approaching 1000 events per year and a target background of 100-1000 counts/keV/kg/day (DRU).
Phase-2 of the MINER experiment experiment will have a 20 kg payload (inside a 30-kg infrastructure),
using a recently purchased cryogen-free refrigerator. The operational 2-kg demonstration phase provides an
excellent opportunity to design the full MINER experiment with 10x larger payload, 10x higher flux due to
proximity to core and 10x lower background due to hermetic passive and active shielding. The sensitivity to
CEνNS will improve by at least two orders of magnitude, allowing for precisions tests of eV-scale sterile-ν,
Non-Standard Interactions and neutrino magnetic moment.
The MINER experiment aims to become the first experiment to measure CEνNS at a reactor and may
open windows to much exciting new physics of immediate interest:
Precision CEνNS with high statistical (∼1,000 events/kg/year and systematic precision using low-
threshold semiconductor detectors (Ge/Si) at close proximity (≈2 m) to core and passive/active
shielding. Our measurements would be an independent confirmation of recent observations by the
COHERENT Collaboration and provide important complementarity to the prompt muon neutrino
signal at SNS to constrain NSI.
Search for sterile neutrinos as a possible deficit in predicted Standard Model rates using a precisely
movable core. MINER’s very short baseline (1–10 m) search provides important complementarity to
the PROSPECT non-coherent (IBD process) search.
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Search for light and heavy Z ′ and NSI. For light Z ′ down to a mass scale of 1 MeV, the sensitivity
can improve upon that of fixed target and atomic parity violation experiments. For heavy Z ′ up to a
mass scale of 4 TeV, the sensitivity is competitive with and complementary to LHC searches. Due to
different flavor composition, the sensitivity to light and heavy Z ′ and NSI will be complementary to
that of the COHERENT experiment.
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The state-of-the-art in p-type point contact (PPC) germanium detectors has reached a level of maturity
sufficient to envision their use for CEνNS measurements at both spallation and reactor sources. Crystals
in the 3–4 kg mass range are presently under development with noise characteristics sufficient to provide a
150 eV ionization (∼600 eV recoil) energy threshold, with high (>80%) signal acceptance at threshold. The
intrinsic radiopurity of these devices allows to reach levels of background in the few counts/keV kg day, for
sites having only a modest (few m.w.e.) overburden.
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The neutrino evolution is a long-standing problem in particle physics since many decades ago. In the light
of the latest global oscillation analysis, we are entering into the precision era [27]1. The description of the
neutrino evolution in matter is crucial for the determination of most of the remaining uncertainties in the
neutrino evolution:
• The measurement of the mass ordering driven by Super-Kamiokande [28] depends on the measurement
of the 1-3 mixing resonance in atmospheric neutrinos crossing the Earth’s mantle with Eν ∼ 6 GeV;
• the phase that violates the CP symmetry in the lepton sector is measured by Super-Kamiokande [28]
in the interference region between the 1-2 (Eν ∼ 0.1 GeV) and 1-3 mixing resonances;
• the two issues that contribute to the tension in the determination of the solar mass parameter [27]
are the matter effects introduced by the Earth over the solar neutrinos, and the turn up of the solar
spectrum in the low energy region where the solar matter effect dominates.
In the presence of non-standard interactions (NSI) of the neutrino with the matter, their evolution and
therefore the determination of the oscillation parameter will be altered. In this talk, we are going to discuss
our knowledge of the size and flavor structure of NSI by a global fit of oscillation data [29], considering a
general neutral current neutrino interaction with quarks. We assume that the lepton-flavor structure of the
new interactions is independent of the quark type. The results have been obtained using all the available
data from oscillation experiments alone and in combination with the results on coherent neutrino-nucleus
scattering from the COHERENT [30] experiment. In our analysis, we study the robustness of the three
neutrino mixing scenario in the presence of NSI, and the LMA-D solution. As a result, we also derive new
bounds of the non-standard couplings to up and down quarks. The results obtained are robust under the
broad spectrum of up-to-down strengths found in the neutrino propagation along the Sun and the Earth.
1Editor’s note: this reference has been updated to reflect the published version of the work originally cited only as a preprint.
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In the recent years, sterile neutrinos with a mass around 1 eV have been studied as a possible solution
for the Short-BaseLine (SBL) neutrino oscillation anomalies, which include results from LSND [31] and
MiniBooNE [32], from GALLEX and SAGE [33] and from a number of reactor antineutrino experiments
[34]. These experimental measurements cannot be explained in the context of the standard three neutrino
oscillations. The current status of the search of such light sterile neutrino has been reviewed using all the
available appearance and disappearance data in SBL experiments. Muon (anti)neutrino disappearance as
constrained mainly by the IceCube and MINOS/MINOS+ experiments is substantially in tension with the
observation of electron (anti)neutrinos appearance in a flux of muon (anti)neutrinos, as observed by LSND
and MiniBooNE, when also the electron (anti)neutrino disappearance results are taken into account [35].
From this latter channel, however, we have the first model-independent indications [36] in favor of active-
sterile neutrino oscillations, thanks to the observations from the NEOS [37] and DANSS [38] experiments.
The two collaborations aim at measuring the reactor antineutrino flux at different distances (between 10
and 25 m) in order to distinguish the effect related to a global normalization, which does not depend on the
distance at which the measurement is performed, from the one due to neutrino oscillations, which instead
varies with the baseline. In the incoming years, these and other currently running experiments will use
standard techniques to test the current best-fit parameters and probe the signal observed by LSND and
MiniBooNE, to definitely confirm or rule out the existence of a light sterile neutrino. Meanwhile, the first
CEνNS experimental results have also been employed to derive bounds on the active-sterile neutrino. While
at the moment these probes are not competitive with the above mentioned constrains [39], CEνNS will play
a role in this game in the future [40]: studies show that experiments based on coherent scattering will be
extremely useful to test neutrino oscillations at reactors, at very small distances (possibly down to 1-3 m):
these experiments, therefore, will be perfect probes for active-sterile neutrino oscillations.
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Anomalies in the expected magnitude and spectrum of neutrino flux have been pointed out for several
years in reactor (ν¯e deficit) and Gallium (νe deficit) data. Newer reactor (Daya Bay, DANSS, NEOS)
analyses take ratios of observations at different baselines in order to remove dependence upon the flux
normalization and intrinsic spectral shape; inclusion of a sterile then improves the goodness of fit at around
3σ preference. Recently, the accelerator-based MiniBoone experiment has presented results (νe appearance
within a νµ beam) consistent with anomalies observed previously by LSND. Detection is flavor-sensitive,
with Eν ' 500 MeV and L ' 0.5 km. Neutrino 4 employs segmented IBD detection at a MW research
reactor with L = 6–12 m. IBD is flavor sensitive and fully reconstructs the neutrino energy, allowing for
“coherency” of an oscillation signal over may cycles in L/E. A relative preference (∆χ2) for oscillation is
reported at the level of 3σ. The various anomalies are generally consistent within “types” (when multiple
experiments exist), although it is difficult to reconcile them across types with simple models.
Various CEvNS experiments are well-positioned to probe possible connections of a short-baseline neutrino
oscillation effect to existing anomalies. New physics will be most visible to CEvNS when it impacts the
expected event distribution shape (e.g. for light mediators, magnetic moment, and steriles), rather than
only the rate (e.g. for heavy Z ′). Large statistics associated with the CEvNS coherency enhancement can
allow for precision discrimination. Considerable complementarity in the flavor and mass space is possible by
a combination of experimental efforts. The CEvNS neutral current touches all flavors. Prompt/delayed
signal discrimination for COHERENT at the SNS, together with reactor data, and application of the
unitarity constraint provides enough information to independently constrain this multi-flavor system at the
matrix element level. The SNS uses stopped pions to produce an isotropic prompt monochromatic νµ with
E ' 30 MeV, and secondary isotropic delayed ν¯µ and νe with calculable energy spectra. This high energy
enhances the cross section (as a square) and allows for comparatively simple detectors (threshold requirements
are also quadratic) that scale well to high mass. Background control is good, enhanced by timing information.
However, the neutrino flux is lower than typical reactor facilities by around 5 magnitude orders. At reactors,
neutrino flux is extraordinarily high (1012−13 cm−2s−1). But, backgrounds are challenging and detectors
(e.g. high-voltage Ge/Si with transition-edge phonon sensors) must be carefully designed for sensitivity
to soft recoil. Additionally, the reactor spectrum is widely spread across energies in the few MeV range
(although the shape is reasonably well known), which leads to dispersion of an oscillation signal beyond 1-2
cycles. Binning in the recoil, and the extraction of independent bins at ultra-low recoil, can help greatly.
An advantage is that this spread in energies is effectively equivalent to scanning multiple length baselines
simultaneously. Simplifications include lack of flavor ambiguity and ability to neglect the nuclear form factor
(coherency is fully maintained). In the future, directional detection could resolve the event-by-event neutrino
energy ambiguity. Additional important experimental complementarities include diversity in the range of
L/E deployments and nuclear target materials.
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Reactor neutrinos have played a central role in neutrino physics since their first detection by Reines and
Cowan [41]; since then every experiment needed to have some understanding of emitted antineutrino flux and
energy distribution stemming from a reactor. Much work has been done for the antineutrino yield above the
inverse beta decay (IBD) threshold [42, 43], but little work for lower energies. CEνNS being a threshold-less
reaction therefore puts up new challenges, but of course for now we await experimental progress towards
the detection of reactor antineutrinos using CEνNS and it will be a while before antineutrinos below IBD
threshold will be detected, since these correspond to recoil energies of ∼ 100 eV or less. Standard lore is
that neutron captures play a negligible or at best percent-level role for antineutrino yields [44] above IBD
threshold. This is different at low energy, with the most abundant reaction being 238U + n→ 239U, which
then leads to two beta decays with neutrino energies of up to 1.2 MeV. The antineutrino yield from this
reaction exceeds the one of all fission fragments by an order of magnitude at 1 MeV. Other reactions have
been pointed out where neutrons capture on structural materials in the reactor core [45]. A detailed survey
of nuclear data bases certainly will reveal more relevant isotopes and then the question of how well known
the neutron capture cross sections actually are will arise. Another interesting wrinkle, are the potential
contributions from β+ decays which would yield neutrinos instead of antineutrinos. Neutron captures do not
represent a fundamental issue, but care needs to be taken to understand the specific reaction rates in a specific
core with its specific core inventory; at low energies reactors start to become individual neutrino sources
whose details matter. Also, at low energy the half-lives of antineutrino emitters increase significantly and
thus many isotopes will be not in equilibrium, as a consequence the operational history of a reactor becomes
important as well and instantaneous thermal power no longer is a direct predictor for the antineutrino flux.
Increased collaboration with and input from nuclear engineers and reactor operators will be needed to address
these issues.
This work was supported by the U.S. Department of Energy under award number DE-SC0018327.
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The NU-CLEUS experiment is a new experiment [46] to explore coherent-neutrino nucleus scattering
(CEνNS) [1, 47] at a nuclear power reactor. Recent results from a prototype gram-scale cryogenic calorimeters
(gramCC) [48] operated at the Max-Planck-Institute for Physics (MPP), opened a new window to neutrino
physics at unprecedentedly low energies. An energy threshold for nuclear recoils of (19.7± 0.9) eV was
reached, which is one order of magnitude lower than previous results of macroscopic cryogenic detectors [49]
and a factor of 50 – 100 lower than the state-of-the-art germanium detector technology based on ionization
technology. This breakthrough enables a rich physics program to study the fundamental properties and
interactions of neutrinos, to perform precision tests of the electroweak theory as well as nuclear and reactor
physics. NU-CLEUS aims for the exploration of CEνNS at the low-energy frontier which opens the door for
new physics beyond the Standard Model of Particle Physics.
The gramCCs will be operated within a fiducial-volume cryogenic detector, a promising new concept
Figure 5: Left: Technical drawing of the NU-CLEUS prototype detector. 1) target, 2) inner veto, 3) outer
veto. Right: MC simulation of the expected energy deposit in case of a background similar to the remaining
one in the Dortmund Low Background facility. Black: Without any veto, Blue: in case of a passive outer
veto, red: in case of an active outer veto with a threshold of 1 keV. Figure adopted from [46] and references
therein.
developed for NU-CLEUS, that is suited for an above ground operation at significantly suppressed
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background levels. It consists of three subsets of cryogenic calorimeters – the outer and the inner veto and
a neutrino target – all operated at mK temperatures (see Fig. 5 left). Located at a nuclear power reactor
this detector has the potential to achieve a signal to background ratio of up to 103, a unique situation in
neutrino physics [46] (see Fig. 5 right). This will enable a rapid observation of CEνNS within 1 – 2 weeks
with a total detector mass of 10 g. After a measuring time of only 10 weeks we will exceed the precision of
today’s results of COHERENT [30] and overcome its systematic uncertainties.
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The Very-Near-Site (VNS) is a very promising new experimental site for future experiments to study coherent
elastic neutrino nucleus scattering (CEνNS). With a baseline of 72 m and 102 m, respectively, the VNS is
located in the close proximity of the two reactor cores of the Chooz nuclear power plant in France, each
running at a nominal thermal power of 4.25 GWth. The expected anti-neutrino flux at the VNS is of the order
of 1012 cm−2 · s−1. Any experimental setup at the VNS is restricted both in weight and volume. First muon
attenuation measurements indicate a shallow overburden of 3 m.w.e.: CEνNS experiments located at the
VNS face a high cosmic muon rate of the order of 100 m−2 · s−1 and a potentially challenging muon-induced
neutron background.
The NU-CLEUS detector concept [46] provides a suitable technology for a next generation CEνNS
experiment at the VNS. Thanks to the unprecedented low energy threshold of ≤ 20 eVnr [48], a strong
CEνNS signal is expected even for gram-scale target masses. To reduce muon-induced backgrounds, the
experimental volume containing the NU-CLEUS detectors will be surrounded by a passive shielding which
will be complemented with an active muon-veto. With the fast rise-time of the NU-CLEUS detectors, the
muon-induced dead-time will stay below a few percent, even for large surfaces of the active muon-veto
operated at shallow overburden. Additional and complementary ways to fight the backgrounds are being
investigated. As such, the BASKET [50] R&D program seeks to develop detectors which could achieve an
in-situ neutron background characterization. In a first phase, a 10-g version of the NU-CLEUS detector is
planned to be installed and commissioned at the VNS in 2020.
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Ricochet is a bolometer-based CENNS experiment aimed at measuring neutrinos created from the fission
process deep within the reactor core. In the first phase of its deployment, Ricochet aims to deploy a 1
kilogram load to measure the nuclear neutrino flux. Ricochet leverages two cryogenic technologies as part of
its measurement program:
1. Germanium Semi-conductors: In semiconductor bolometers, the rejection between backgrounds and
CENNS-signal events will be achieved thanks to the double measurement of the heat and ionization
energies, which ratio depends on the nature of the interacting particle: gamma- or beta-induced
electronic recoils (electromagnetic interactions), CENNS- or neutron-induced nuclear recoils (lattice
interactions). The goal is to reach ∼10 eV (RMS) energy resolution in heat and ∼20 eV (RMS)
resolution in ionization to provide a rejection power of 103 down to the energy threshold. To reach
such outstanding background rejection to all sorts of electromagnetic backgrounds, two key features
have to be met: i) low-capacitance (∼10 pF) Fully Inter-Digited (FID) electrodes, as first introduced
by the EDELWEISS collaboration [51], thanks to which events happening near the surface (within 100
µm) can be tagged as such and be rejected while providing excellent charge collection for bulk events;
ii) ∼20 eV eVee ionization energy resolution (RMS) per electrode, which is five times better than the
best resolution achieved so far in such massive cryogenic bolometers [52].
2. Metallic Zinc-Superconductors: In Zn-detectors, due to the vanishing quasiparticle-phonon coupling
in superconducting metals below ∼100 mK and the difference in thermalization processes between
electronic recoil backgrounds and CENNS-induced nuclear recoils, we expect vastly different heat
pulse shapes between these two populations of events. From preliminary simulations, assuming a
quasiparticle recombination rate 5 times longer than the phonon thermalization rate, we expect a
background rejection power of 103 down to the energy threshold. Indications that such behavior
may indeed exist in such target medium has been documented by the MARE collaboration in their
measurements using superconducting rhenium and alpha particles (∼ 5 MeV) [53, 54].
In January 2019, the strong synergy between the R&D programs of Ricochet and EDELWEISS resulted
in the successful demonstration a 55 eV energy threshold on a 33.4-g Ge bolometer operated from a surface
lab (IPNL). Thanks to the outstanding performance and stability of the detector, the best surface-based
Dark Matter limit on both Strongly and Weakly Interacting Massive Particles down to 600 MeV/c2 has been
derived [25]. Nowadays, the main R&D focus is dedicated to demonstrating the rejection capabilities of the
electromagnetic backgrounds down to the energy threshold. To that end, a first version of a HEMT-based
preamplifer developed by the IPNL group is being tested, and new electrode designs are being developed in
parallel. An intermediate goal of a 30-g scale Ge bolometer combining a 20 eV heat energy resolution (RMS)
together with a 50 eV ionization energy resolution (RMS) is planned for the end of 2019.
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At the end of 2019, the two technologies will be scaled to multiple targets for a total target mass of 1 kg.
The two detector types, CryoCube and Q-Array are briefly described below.
• The CryoCube: it consists of an array of 3×3×3 = 27 single 30-g Ge and Zn highly performing cryogenic
detectors. The crystals will be packed together following a Rubik’s cube like topology in a 8×8×8 cm3
radio-pure infrared-tight copper box suspended below the mixing chamber with its dedicated cryogenic
suspension system [55], and its cold front end electronics in close proximity of the detectors. Each
single crystal is designed to reach a O(10) eV energy threshold and a 103 electromagnetic background
rejection power down to the energy threshold. This detector array is fully funded by the CENNS -
ERC starting grant.
• The Q-Array: it consists of an array of 8 or 16 superconducting 40-gram zinc cubes. Each unit will
be read out by a transition-edge sensor and the signal feed into a microwave resonant SQUID array
(uMUX), allowing the signals from multiple detectors to be read out by a single feed line. The uMUX
array operates at frequencies near 7 GHz, with each channel specifically tuned to a corresponding
resonant frequency set by the capacitance of the transmission line. A prototype SQUID array has been
designed and produced by Lincoln Laboratories at MIT and is currently undergoing testing. Initial
results show excellent quality factors (Q ' 50, 000), and results on gain and noise performance will
be available this spring. Further amplification is applied using a tunneling-wave parametric amplifier
(TWPA), also developed at Lincoln Laboratory. It is expected to bypass the need for a HEMT amplifier.
The Q-Array geometry is expected to easily integrate with the Cryocube support structure, allowing
for the two technologies to co-inhabit the same cryogenic space and share shielding options.
The collaboration is currently determining the optimal location for deployment of the CryoCube and
Q-Array demonstrators. Table 1 shows the expected rate from a 1 kilogram target with our target energy
threshold of 50 eV at several sites considered by the collaboration.
Reactor (Location) Thermal Power Distance Event Rate (per day)
MITR (USA) 5.5 MW 4 meters 7.4
ILL (France)1 58.3 MW 8 meters 19.5
Double Chooz (France) 4250 MW 80 meters 14.3
Table 1: The event rates expected at various reactor sites assuming a 1 kg germanium or zinc bolometer
with 50 eV recoil energy threshold.
A decision as to which location will be a first deployment will be completed in 2019.
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The Cryocube project, being part of the Ricochet experiment, aims for a percentage-level precision
measurement of the CENNS process to probe various exotic physics scenarios. It consists in a cubic compact
array of cryogenic detectors with the following specifications:
• a very low energy threshold of O(10)eV on the phonon heat signal,
• an electromagnetic background rejection of at least 103,
• a total target mass of 1kg divided between 27 crystals of 32g,
• two complementary target elements: germanium and zinc.
Investigation on the thermal sensor technology (NTD Germanium, NbSi TES) and detector thermal
modelization is ongoing with a first prototype that achieved a 55eV of energy threshold, within the
EDELWEISS R&D program. The event discrimination is realized in semiconductor germanium crystals
with HEMT-based ionization readout to reach O(10)eV in ionization resolution, and in superconducting
zinc crystals with heat pulse shape discrimination. An accurate low-energy measurement of the Quenching
factor will be conducted using an in-situ neutron calibration based on the multiple detector coincidence.
The installation of the Cryocube in a dry cryostat with shielding and already proven vibration-decoupling
strategy is planned within three years near an optimal nuclear reactor. After an exposure of 1 kg · year, a
percentage-level precision measurement of the CENNS process will be delivered by 2024.
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BULLKID is an R&D for new experiments on sub-GeV dark matter and coherent neutrino-nucleus scattering
which leverages the sensitivity and high multiplexing capability of superconducting Microwave Kinetic
Inductance Detectors (MKIDs [56]) to reach low energy thresholds (< 100 eVnr) and high target masses
(∼ 1 kg). The project, funded by INFN in Italy, started in January 2019 and includes collaborators from
INFN-Rome, INFN-Ferrara, INFN-Genova, IFN-CNR, CEA, Institut Ne´el and Zaragoza U.
The detector is based on the technology developed within CALDER [57]: particles interact in a silicon
substrate and generate athermal phonons that scatter trough the substrate until they are absorbed and
generate a signal in aluminium [58] or aluminium-titanium [59] MKIDs deposited on the surface. While
CALDER is using 2x2 cm2 or 5x5 cm2, 300µm thick, silicon substrates as photon absorbers, the Dark
Matter or neutrino target of BULLKID will consist in a 5x5x5 mm3 silicon voxel. To exploit the MKID
multiplexing several voxels will be carved from a single 5 mm thick silicon wafer with a diameter of 3”: one
side of the wafer will host the lithography, with a single feedline running through all the MKIDs (Fig 6,
left); the opposite side will be cut into a square grid of 5 mm pitch with a 4.5 mm dice depth, so as to
obtain almost cubic voxels, and leave the surface hosting the MKIDs intact (Fig 6, right). In this way the
phonons produced in a voxel will be isolated, and absorbed by a single MKID to improve the signal to noise
ratio. This geometry also ensures an efficient background reduction, as multiple-voxel events can only be
generated by cosmic rays or natural radioactivity and not by neutrinos or dark matter particles. Around
100 voxels of 0.3 g each can be obtained from a 3” wafer, for a total active detector mass of 30 g. In a future
experiment with higher target mass several wafers could be stacked and read independently to reach higher
target masses.
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Figure 6: The proposed BULLKID layout. Left: around 100 MKID sensors are deposited on a 5 mm thick,
3” diameter silicon wafer and coupled to a single feedline for multiplexing. Right: the wafer is diced from
the bottom to obtain independent 5x5x5 mm3 voxels acting as particle absorbers.
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The newly developed Skipper-CCD sensor has a natural and immediate application for the detection of low
energy neutrino interactions through the recently observed Coherent Elastic Neutrino-Nucleus Scattering
(CEνNS) process. The first working instrument using Skipper-CCD sensors was produced in 2016 at Fermilab
in collaboration with the LBNL MicroSystems Lab. This system was able to unambiguously detect single
ionized electrons and reach a groundbreaking 1.1 eV energy threshold, the theoretical limit of ionization
detectors based on silicon (given by its band gap). This technological breakthrough opens a new path for
miniaturized neutrino detectors by providing the capability to observe reactor neutrinos at the 1 MeV scale
through the CEνNS process with an unprecedented low energy threshold. Technical advances are required
to scale up in mass and build multi-kilogram neutrino detectors. Also, to fully profit from a mass increase,
a direct measurement of the ionization efficiency of Silicon nuclei at low recoil energies is planned. This
measurement is essential to establish the sensitivity of a silicon sensor to low energy neutrinos and has
implications for other silicon based detectors such as SuperCDMS-SNOLAB and DAMIC-M. There is a
funded R&D path for the next 5 yrs to enable a new generation of compact detectors with unprecedented
sensitivity to low energy neutrinos that will allow the exploration of their fundamental nature in the low
energy regime, that is particularly interesting for new physics searches.
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The collapse of the core of a massive star at the end of its life will produce a compact remnant such as
a neutron star or black hole, in many cases a violent explosion in electromagnetic radiation and kinetic
energy, and likely in all cases a brilliant burst of neutrinos over a few tens of seconds. These supernova-burst
neutrinos come in all flavors. Most are emitted quasi-thermally with energies of a few tens of MeV [60].
The flavor, energy and time structure of the neutrino burst carries information about the astrophysics of
the collapse, the remnant and the subsequent explosion. It also carries information about the properties of
neutrinos themselves, including information about mass hierarchy and flavor transitions within the star.
The burst of supernova neutrinos can be detected in large neutrino detectors worldwide for collapses
within a few hundred kiloparsecs [61]. Neutrino interactions with matter in the few tens of MeV range
depend on flavor, energy and detector material. Because supernova neutrino energies are less than 100
MeV, neutrinos can interact via charged-current channels only for νe and ν¯e flavor. Because charged-current
threshold for muon neutrinos is greater than 100 MeV, the muon and tau flavor components of the supernova
burst are accessible only via neutral-current interactions.
The main existing large detector types for current and future detectors are water Cherenkov (Super-K
and Hyper-K, as well as IceCube, KM3NET), liquid scintillator (LVD, Borexino, KamLAND, JUNO) and
liquid argon (DUNE). The water and scintillator detectors’ primary sensitivity is the ν¯e, via inverse beta
decay (IBD) on free protons, ν¯e + p → e+ + n. Argon detectors are primarily sensitive to CC interactions
of νe on
40Ar. Some neutral-current interactions are visible via scattering on protons in liquid scintillator,
the deexcitation of nuclei excited via neutral-current scattering, and a component of elastic scattering on
electrons, but these are subdominant channels. Detection and tagging of neutral-current interactions are
especially valuable in the supernova-neutrino detection game, due to the neutral current’s sensitivity to the
total supernova neutrino flux. Neutral-current detection is important not only for understanding the total
energy release of the supernova, but also because it enables understanding of flavor transitions within the
supernova.
CEνNS is a neutral-current interaction channel which may be used to measure the total neutrino flux
from a supernova. The cross section is large compared to other interactions used for supernova detection,
but the produced signal is in the form of recoiling nuclei with energies of tens of keV or less, which is well
below the threshold of most supernova-sensitive neutrino detectors. The exception is WIMP dark matter
detectors, which are now reaching tonne scale, and which will be able to observe a handful of events per
tonne for a core collapse at a standard distance of 10 kpc (e.g., [16].)
A new idea presented in this talk is to exploit kilotonne-scale underground detectors for CEνNS detection,
to determine the total neutrino flux over the supernova burst. The few-keV CEνNS recoils are invisible in
water Cherenkov detectors; however in scintillator and argon detectors, there could in principle be “IceCube
style” detection of CEνNS interactions. IceCube, which has very sparse photomultiplier arrays, does not
detect individual IBD interactions; rather, it collects single photons from the diffuse glow of supernova-
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neutrino-induced Cherenkov photons in the ice [62]. Similarly, single photons from the diffuse glow of CEνNS
interactions from scintillation in liquid hydrocarbon or argon could be collected over the time scale of the
burst. The back-of-the-envelope calculation is as follows: there are about two orders of magnitude more
CEνNS than CC interactions in a given target, but about three orders of magnitude less energy deposition
per interaction. Furthermore, there is typically a quenching factor of at least a few in photon production
for recoils of heavy particles (nuclei) with respect to light ones (electrons or positrons). On the other hand,
there is a factor of six for CEνNS with respect to CC, given that the neutrino flux is approximately equally
divided among flavors. Overall this results in few to ten percent of CEνNS-induced photons with respect to
CC-induced photons. However the CEνNS glow photons should be diffused over the burst rather than in
short, inelastic-interaction-associated spikes.
The primary issue for detection of CEνNS glow is background. Preliminary calculations show that
cosmogenic 39Ar β decays, which have a rate of about a Bq/kg in natural argon, may completely swamp the
signal in argon. Underground argon, depleted in this isotope, could mitigate this.1 Large liquid scintillator
detectors are likely quieter. One will also know the time frame of the burst given inelastic event detection.
The distribution of photon numbers as a function of time may be a handle for extracting signal from
background. This idea is ambitious and it is not yet clear it is feasible, but we are continuing to study it.
Figure 7: Distributions of numbers of photons arriving at a detection surface as a function of time, for the
supernova neutrino production model of Ref. [63], from a preliminary analytic calculation by A. Smith. Top
plots: argon scintillation. Bottom plots: liquid hydrocarbon scintillation. The left plots show photons from
CEνNS; center plots are photons from the primary charged- and neutral-current channels in the respective
material, and right plots show photons due to backgrounds.
1Note that there can also be “CEνNS buzz” from ionization collected in liquid argon TPCs.
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The size of a nucleus is one of its most fundamental properties. While the distribution of protons has been
well measured through the use of charged probes, the neutron distribution has remained difficult to probe.
Previous measurements have used hadronic scattering and report uncertainties on the root-mean-square
(RMS) radius of ∼ 1% [64, 65], but require assumptions about the underlying nuclear structure to obtain
results. The PREX experiment used parity violating electron scattering to measure the neutron skin and
RMS radius of 208Pb, reporting an uncertainty of 2.5% on the RMS radius [66]. CEνNS provides a new
method for measuring the RMS radius for a range of nuclei.
All nuclear structure information in the CEνNS cross section is included in the form factor F (Q2), which
is defined as
F (Q2) =
1
QW
∫
(ρn(r)− (1− 4 sin2 θW )ρp(r)) sin(Qr)
Qr
r2dr. (2)
Here, QW is the weak charge of the nucleus, and ρn,p are the neutron and proton densities. Since this process
is very low energy, we can Taylor expand the form factor and write it in terms of moments of the distribution
[67]. So, for example, the neutron terms can be written as
Fn(Q
2) ≈ N
(
1− Q
2
3!
〈R2n〉+
Q4
5!
〈R4n〉+ · · ·
)
, (3)
where 〈Rkn〉 is the kth moment of the distribution. Changes in the values of these moments has an effect on
the number of events as a function of energy, which can be measured in a CEνNS experiment. For a detector
placed 20 m from the source at the SNS, corresponding to the location of Neutrino Alley, we find that the
RMS radius can be measured with an uncertainty of ∼ 5% for Ar, Ge, and Xe, using detectors of 3.5 tonnes,
1.5 tonnes, and 300 kg, respectively. These calculations assumed an detector threshold of 5 keV. It is also
possible to get the first experimental measurement of the fourth moment of the neutron distribution, with
uncertainties on the order of ∼ 10 − 20% [67]. These measurements also depend on detector uncertainties,
in particular the spectral shape uncertainty which describes the difference in efficiency between energy bins.
We have found that this specific uncertainty must be known to the level of ∼ 1% to measure the RMS radius
to 5% at the 90% confidence level for Ar, Ge, and Xe [68]. These results show that CEνNS is a promising
new method of probing neutron distributions in nuclei.
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Precise measurements of CEνNS will allow to measure the weak mixing angle with precision. There is room
of improvement for this important parameter of the standar model in the low energy regime [69], where
CEνNS measurements are performed. We have studied the potential of future CEνNS detectors located
close to reactor antineutrino fluxes [70]. For this kind of measurements, the ratio of protons to neutrons is
very relevant since the dependence on the weak mixing angle is present only in the proton coupling constants.
Besides, for large statistic experiments, the reactor antineutrino flux uncertainties will also be an important
issue to solve, since current uncertainties translate into a systematic error around one percent for the weak
mixing angle measurement.
42
Neutrino constraints on conventional and exotic CEνNS interac-
tions
D.K. Papoulias
Instituto de F´ısica Corpuscular (CSIC-Universitat de Vale`ncia), Paterna (Valencia), Spain
Co-author(s): T.S. Kosmas
Presentation and citeable DOI: 10.5281/zenodo.3464608
Assuming one non-zero parameter at a time, the current extracted 90% C.L. limits on the weak mixing
angle, NSI and electromagnetic properties (neutrino magnetic moment and charge radius) are summarized
in Table 2 [39]. The next phase of the COHERENT program, on the basis of a multi-target strategy
with ton-scale detectors, will lead to significant improvements on the current determination of the weak
mixing angle as well as to improvements on NSI, sterile neutrino and new mediator (vector Z ′ and scalar Φ)
constraints by one order of magnitude (see e.g. [71, 72]). Next generation advances of CEνNS experiments
with ultra low-threshold technologies are expected to provide severe constraints on neutrino electromagnetic
properties that will compete with current neutrino-electron scattering data [73, 74]. The latter will also
enable validation of the neutrino-floor and detector-response models relevant to Dark Matter searches [75].
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Parameter Limit (90% C.L.)
sin2 θW 0.117 – 0.315
uVee -0.08 – 0.47
dVee -0.07 – 0.42
uVµµ -0.09 – 0.48
dVµµ -0.08 – 0.43
uTee -0.013 – 0.013
dTee -0.011 – 0.011
uTµµ -0.013 – 0.013
dTµµ -0.011 – 0.011
µν 4.3 ×10−9µB
µνe 5.2 ×10−9µB
µνµ 4.6 ×10−9µB
〈r2ν〉 -31.4 – -23.1 and -4.9 – 3.4
〈r2νe〉 -38.0 – -26.6 and -1.4 – 10.1〈r2νµ〉 -39.6 – -27.4 and -0.6 – 11.7
Table 2: Constraints on SM and exotic parameters from the first observation of CEνNS at the COHERENT
experiment. For the case of the neutrino charge radius the results are given in units of 10−32cm2 [39].
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Coherent elastic scattering of neutrinos off nuclei was experimentally observed for the first time only recently
[30]. The associated cross section is sensitive to the neutron distribution in the target nuclei. Even a single
extra neutron appreciably increases the coherent scattering cross section as illustrated in Ref. [76] for 12C
versus 13C.
Elastic scattering of neutrinos off nuclei is primarily governed by weak neutral current scattering. Since
neutrinos have mass we know that neutrino magnetic moments are non-zero, but we do not know just how
large they are [77, 78]. Neutrino elastic scattering can also have a small electromagnetic component due to
neutrino magnetic moments. The differential scattering cross section is then sum of the two components:
dσ
dT
=
G2F
8pi
Q2WM
[
2− 2
(
T
Tmax
)
+
(
T
E
)2] [
FZ(Q
2)
]2
+
piα2
m2e
Z2µ2eff
[
1
T
− 1
E
] [
Fγ(Q
2)
]2
where E is the neutrino energy, T and M are the recoil energy and the mass of the nucleus, respectively,
and QW = [N − (1− 4 sin2 θW )]. The effective neutrino magnetic moment is given by
µ2eff =
∑
i
∣∣∣∣∣∣
∑
j
U(e or µ)je
−iEjLµji
∣∣∣∣∣∣
2
where L is the distance traveled by the neutrino before it scatters, Ej is the energy of the j-th mass eigenstate,
and µij are the elements of the neutrino magnetic moment matrix in the mass basis. Note that not only
the second term in the above cross section is smaller than the first term, but two form factors FZ(Q
2) and
Fγ(Q
2) represent represent two rather different aspects of the nuclear structure, i.e. primarily neutron versus
proton distributions in the nuclei.
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The ORNL Spallation Neutron Source provides the world’s most intense pulsed neutron beams. The 1.4 MW,
1.0 GeV pulsed proton beam also provides a world-class pion decay-at-rest neutrino source with a 600 ns
width, 60 Hz repetition rate for a duty-factor of 10−4. This beam, combined with a low-energy-threshold LAr
detector, will allow for low-background, precision studies of the coherent elastic neutrino nucleus scattering
(CEνNS) process. An initial run with the CENNS-10 22 kg fiducial volume detector has demonstrated that
a low energy threshold and small backgrounds can be obtained in a large volume. Design parameters for the
next-generation COHERENT LAr detector are:
• detector mass (total/fiducial): 750(612) kg
• integrated beam power (protons-on-target): 7000 MWhr/yr (1.6E23POT/yr)
• pion decays-at-rest/protons-on-target: 0.9
• pion production target - detector distance: 27.5 mag
• light yield: 5± 1 photoelectrons/keVee
• argon quenching factor: 0.29± 3%
• energy threshold: 20 keVnr
• estimated detected CEνNS event sample: 3000 events/year
• signal/background ratio with atmospheric (underground [79]) argon: 1:10 (1:1)
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The COHERENT Collaboration deploys the CENNS-10 detector, a 22-kg liquid argon detector, at the
Spallation Neutron Source at Oak Ridge National Laboratory for a measurement of CEνNS on a light
nucleus to complement other planned measurements within COHERENT. The detector began operation in
December 2016 and was upgraded for improved light collection in July 2017 and has been running since
the upgrade. The initial run will be used to measure the flux of neutrons that occur in time with the
SNS beam pulse at the CENNS-10 location and confirm previous measurements. With the full shielding
structure, simulations show the main component of the steady-state background is the internal component
39Ar. Using the timing of the SNS beam and the pulse shape discrimination capabilities of liquid argon,
these backgrounds can be reduced to levels necessary for a CEνNS measurement. The analysis of the physics
data is ongoing. The current parameters are:
• Detector mass: 22 kg, fiducial.
• Shielding: 20 cm cylindrical water tank, 1.27 cm copper on all sides outside water tank, and 10.16 cm
lead on all sides outside of the copper.
• Light Yield: 4.2 ± 0.2 photoelectrons/keVee.
• Threshold: 20 keVnr.
• Steady state backgrounds: measured 1.7 Hz in energy ROI (0 – 35 keVee), includes SNS timing.
• Energy Resolution: 9.1% at 41 keVee.
• Quenching factor: QF = aE + b with a = 0.251 and b = 7.52 × 10−4 with E in keVnr from 0-120
keVnr.
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The NEWS-G collaboration uses spherical proportional counters to search for low mass Dark Matter. The
important features and results of the experiment are listed below:
• Flexibility in gas choice: noble gases and operating pressure
• Detector sensitivity to single electron: low energy threshold
• Constraints in the Spin-Independent WIMP-nucleon cross section vs WIMP mass: 0.6 GeV. For LSM
data (2017): 9.6 kg.days with a mixture of Neon + 0.7% CH4: [80]
• Preliminary projection for next experiment (2019): below 0.1 GeV. For a Neon + 10% CH4 and
sensitivity down to ∼ 10−41 cm2.
Here are some preliminary calculation for CEnNS detection using reactor neutrino, considering:
• 1 GW thermal power
• 10m from core
• Neutrino flux: Vogel
Detector conditions:
• Low threshold 100 eVee or below achieved
• Moderate size sphere: 80 cm of diameter
• 2 bar of Argon: ∼ 1kg
Including detector response:
• Mean energy to create e−/ion pair: 36 eV in Neon: [81, 82]
• quenching factor: Lindhard parametrization
• Poisson distribution
• single electron response: [83]
Event rate:
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• Total event rate: 112 events/kg/day
• Event rate above 50 eVee: 28 events/kg/day
• Event rate above 100 eVee: 15 events/kg/day
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Detector Concept
Scintillating argon bubble chamber
Nuclear recoils (NRs) from CEνNS in a superheated liquid argon target can both produce scintillation
light and nucleate a single bubble in the superheated fluid. Electron-recoil (ER) backgrounds (beta-decays,
gammas) produce scintillation light only. This does-it-make-a-bubble discrimination is effective at much
lower thresholds than pulse-shape discrimination in the scintillation signal — we expect 10−8 ER sensitivity
at sub-keV NR bubble nucleation thresholds.
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Figure 8: Left: Sample nuclear recoil event from the prototype xenon bubble chamber [84]. Top: Stereo
image of a single xenon vapor bubble. Middle: Acoustic record (blue) of bubble formation, giving the time of
nucleation to ±25 µs. In this case nucleation is coincident with a scintillation trigger (red). The lag between
the scintillation pulse and acoustic onset matches the sound speed in liquid xenon. Bottom: PMT waveforms
showing xenon scintillation. The bubble-coincident pulse is shown in red. ER’s generate scintillation pulses
without coincident bubble nucleation (gray traces). Left: Schematic and model of the 10-kg argon bubble
chamber, showing the pressure and temperature control, bubble imaging, and scintillation detection scheme
for the chamber. The solid model and rendering were done by the FNAL PPD/Mech Eng Dept.
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Key Performance Specifications: Goals for the Fermilab Scintillat-
ing Bubble Chamber
Target Material/Mass — 10-kg superheated argon @ 25 psia, 130 K
Bubble threshold — Effecient NR bubble nucleation @ 0.1 keV
— 10−8 ER sensitivity
Scintillation threshold — 1 photon detected / 2 keV (NR)
— Bubble-nucleating events with 0 photons detected
are included in the CEνNS signal region
Energy Resolution — Event-by-event energy resolution from scintilla-
tion: 2 keV
— Spectral resolution from bubble nucleation thresh-
old scan: 0.1 keV
Spatial resolution — 1-mm absolute resolution, from stereo imaging of
bubble
— 0.1-mm resolution for indentifying multi-scatter
events, from acoustic signal strength
Timing resolution — 10 ns for events with coincident scintillation signal
— 25 µs for events without coincident scintillation
(.2 keV NR)
Backgrounds — Negligible ER backgrounds, including 39Ar, due to
bubble discrimination
— No high-Z shielding required, reducing neutrino-
induced-neutron backgrounds
— Signifcant dead time (∼30 seconds) after every
bubble-nucleating event limits the background NR
rate to <0.1 Hz. Operations require overburden
and/or water/poly shield.
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The recent detection of CEνNS by the COHERENT collaboration, and the rich physics program that
CEvNS can deliver, motivate the optimization of existing detectors and development of new technologies
for the purpose of improving the sensitivity to the experimental signature of coherent neutrino scattering
processes. The LArCADe project aims to investigate the feasibility of reducing detection thresholds for
ionization electrons in single-phase Liquid Argon Time Projection Chamber (LArTPC) detectors by enough
to enable the detection of nuclear recoils. The program aims to allow for the amplification of drifting electron
signals directly in the liquid phase by modifying the geometry of the charge-collecting anode sensors. Such
a technological achievement could merge into one the advantages of kiloton-scale liquid argon detectors and
those of low-threshold double-phase dark-matter TPCs.
Nuclear recoils in liquid argon lead to small ionization signals, further reduced by the significant quenching
caused by ion recombination and dissipation of energy into atomic excitations. Nuclear recoils of 1 – 10s
of keV, originating from O(10 MeV) CEνNS interactions, are expected to yield 1 – 100 free electrons, with
significant variation in the tails of such distributions depending on the assumed quenching model [85–87].
These values are a factor of 100 smaller than current state of the art detection thresholds in LArTPCs
[88]. In order to amplify ionization charge directly in the liquid phase, strong fields of > 105 V/cm are
necessary. The LArCADe program is exploring the possibility of obtaining stable charge amplification of
drifting electrons by shaping the electric field over micron-scale distances in the proximity of the charge-
collecting anode-planes. The first phase of this R&D effort is employing tungsten tips of micron radii, and
has demonstrated preliminary controlled amplification in gaseous argon using a few-cm drift chamber which
records ionization charge produced by a pulsed LED source impinging on a photocathode. A second phase,
currently underway, aims to use O(100 nm) tips to obtain amplification in liquid, characterizing stability
and potential complications which may arise, such as the formation of argon gas bubbles which can disrupt
signal detection. A successful demonstration of this program can lead in the future to the construction of
small-scale detectors sensitive to CEνNS interactions in the proximity of intense neutrino beams.
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With interest to detect coherent scattering of low energy solar and reactor neutrinos on nuclei of the detector
materials, we analyses low energy response of different detectors. It is common for ionization and scintillation
detectors to demonstrate increase of low-energy background at energies of the order of excitations in the
detector material- i.e., at the level of few electrons or photons. Practically in all solid materials, including
rare gases solid, slow irradiation by muons and residual radioactivity leads to accumulation of energy in form
of trapped charges (pairs of ions, trapped electrons and holes)- which lead to effects as thermally-stimulated
luminescence, thermally stimulated exaelectron emission (electron emission from the surface of dielectrics
or dielectric films on metal surfaces), thermally stimulated conductivity (in semiconductors and dielectrics).
Defects / impurities clustering is another common effect in solids. Thus, one can expect to see Self-Organized
Criticality type of dynamics- slow accumulation of excitations and events of their annihilation in form of
small avalanches. In dual-phase Ar and Xe detectors solid phase is present in a form of solid physiosorbed
films on all internal surfaces. Native positive ions Xe2+ (Ar2+) , and negatively charged complexes formed
out Xe (Ar) and O, F, H atoms (these can be due to small residual amount of oxygen, water, and fluoride
compounds coming from TEFLON) can be produced due to ionization events and due to exposure of solid
films on surfaces to UV light (gas electroluminescence light- S2 pulses). Accumulation of those species on
electrodes and their avalanche-like annihilation can lead to “few electrons events” which mimic real low energy
particles detection events. By application of strong AC electric field in between grid wires ion recombination
on the cathode grid can be reinforced and ions accumulation suppressed. Decrease of parasitic background
in this case can be experimentally verified.
Our analysis illustrates that searches for rare and low energy particles interactions require careful
examination of the detector physics and advanced studies of condensed matter effects.
This work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore
National Laboratory under Contract DE-AC52-07NA27344.
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The dual-phase liquid argon time projection chamber (TPC) is designed for the coherent elastic neutrino-
nucleus scattering [1, 89] research. The detector are planned to settled near the core of Taishan reactor
(located in Guangdong province) at the distance of 31 m. The power of the Taishan reactor is 4.6 GW
which provides a reactor flux around 4.37 × 1013/ (cm2 · s) in total. The TPC is designed as a cylinder
while the dimensions of TPC are: the diameter d = 56 cm, the height h = 58 cm and the mass of liquid
argon is about 200 kg, see Fig. 9. Three electrodes are used to generate the drift field, extraction field and
collection field, respectively. Gas pocket is generated by the vaporization of the liquid argon which thickness
is 10 mm. The grid is placed below the gas-liquid interface 5 mm. Drift field is design as 400 V/cm after
simulation. The inner container is made of acrylic material to reduce the radio activities background. SiPMs
are used to collect S1 and S2 signals instead of photomultiplier tubes (PMTs). Properties of SiPM and
acquisition systems at low temperature are under study. To obtain the low threshold results, only S2 signals
are collected.
To detect the low recoil energy in the dual-phase liquid argon TPC, quenching factor have to be precise
determined. Quenching factor defined as the ratio of the light yields of the nuclear recoils with respect to the
ones of the electron recoils at the same energy. Generally, the electron recoils are taken as no quenching effect
and set to be unit. In order to determine the quenching factor, nuclear recoil energies should be measured.
Nuclear recoil energies or deposit energies can be measured according to the following equation [90]
Er ≈ 2En MnMAr
(Mn +MAr)
2 (1− cos θ) ,
where Er, En are the nuclear recoil energy and the neutron beam energy, respectively. Mn is the mass of
a neutron and MAr is the mass of the argon nucleus. θ is the scattering angle of the outgoing neutron. To
reduce the background and the systematic errors, the TPC have to be the smaller the better. The diameter
of the sensitive region is designed as 7.6 cm while the sensitive mass is about 0.5 kg. Neutron detectors are
placed at relatively large distance from the TPC for the small scattering angle neutron detection. Neutron
detectors arrays are also used to increase the statistics at different angles, respectively. Shield can be used
to separate two kinds of neutron beams, coming directly from the neutron source beam and the scattering
neutron beam, for small scattering angle detections. For the measurement of quenching factor at sub-keV
scale, sub-MeV neutron source have to be used and the TPC also have to be exposed for a few mouths to
obtain enough data.
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Figure 9: The design drawing of the LAr detector.
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